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ABSTRACT
We present near-IR spectra of Hα emission from 13 galaxies at z ∼ 2 in the GOODS-N field. The
galaxies were selected primarily because they appear to have elongated morphologies, and slits were
aligned with the major axes (as determined from the rest-frame UV emission) of 11 of the 13. If the
galaxies are elongated because they are highly inclined, alignment of the slit and major axis should
maximize the observed velocity and reveal velocity shear, if present. In spite of this alignment, we see
spatially resolved velocity shear in only two galaxies. We show that the seeing makes a large difference
in the observed velocity spread of a tilted emission line, and use this information to place limits on
the velocity spread of the ionized gas of the galaxies in the sample: we find that all 13 have v0.5 ≤ 110
km s−1 , where v0.5 is the velocity shear (half of the velocity range of a tilted emission line) that
would be observed under our best seeing conditions of ∼ 0.′′5. When combined with previous work,
our data also indicate that aligning the slit along the major axis does not increase the probability of
observing a tilted emission line. We then focus on the one-dimensional velocity dispersion σ, which is
much less affected by the seeing, and see that the elongated subsample exhibits a significantly lower
velocity dispersion than galaxies selected at random from our total Hα sample, not higher as one
might have expected. We also see some evidence that the elongated galaxies are less reddened than
those randomly selected using only UV colors. Both of these results are counter to what would be
expected if the elongated galaxies were highly inclined disks. It is at least as likely that the galaxies’
elongated morphologies are due to merging subunits.
Subject headings: galaxies: evolution — galaxies: kinematics and dynamics
1. INTRODUCTION
At redshifts up to z ∼ 1, it is possible to iden-
tify disk galaxies, place spectroscopic slits along the
galaxies’ major axes, and obtain rotation curves simi-
lar to those of disk galaxies in the local universe (e.g.
Vogt et al. 1996, 1997; Bo¨hm et al. 2003). As redshift in-
creases galaxy morphologies become increasingly irregu-
lar (van den Bergh 2001; Conselice et al. 2003), and spa-
tially resolved spectra for kinematic measurements are
more difficult to obtain as galaxy sizes approach the size
of the seeing disk and the width of slits. In addition, the
rest-frame optical emission lines used for such measure-
ments shift into the near-IR for z & 1.4. Nevertheless
spatially resolved and tilted rest-frame optical emission
lines from which “rotation curves” can be constructed
have been seen for galaxies beyond z ∼ 1.5 (Pettini et al.
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2001; Lemoine-Busserolle et al. 2003; Moorwood et al.
2003; Erb et al. 2003); these lines generally have low
signal-to-noise ratios (S/N) and the morphologies of the
galaxies are irregular or unknown, making the interpre-
tation of the tilted lines uncertain. One-dimensional ve-
locity dispersions which do not require spatial resolution
are much easier to obtain at high redshift; their use as
a mass indicator for such galaxies has been well-studied
(e.g. Kobulnicky & Gebhardt 2000), although faint emis-
sion lines may not trace a galaxy’s full gravitational po-
tential. Whether or not an emission line is spatially re-
solved, the alignment of a slit with a galaxy’s apparent
major axis should maximize the observed velocity, if the
galaxy is elongated because it is highly inclined. Such a
slit orientation also tests the alignment of the morpho-
logical and kinematic major axes.
Observations such as these at z ∼ 2 are critical,
as it has become increasingly clear that this epoch is
an important period in the evolution of the universe.
Galaxies at z ∼ 3 are compact, rapidly star-forming,
and morphogically disordered (e.g. Giavalisco et al. 1996;
Shapley et al. 2001), whereas those at z . 1 have be-
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come the normal Hubble sequence galaxies of the uni-
verse today. Recent results suggest that QSO activity
reaches a peak near z ∼ 2 (Fan et al. 2001), and the me-
dian redshift of bright sub-millimeter galaxies is z = 2.4
(Chapman et al. 2003). In addition, most of the stellar
mass in the universe today formed during this epoch: in a
study of galaxies in the HDF-N, Dickinson et al. (2003)
find that 50–75% of the mass in today’s galaxies had
formed by z ∼ 1, but only 3–14% had formed by z ≈ 2.7.
In this paper we present kinematic measurements from
Hα emission in galaxies at z ∼ 2 in the GOODS-
N field, making use of the deep HST ACS imag-
ing which has recently been obtained as part of the
Great Observatories Origins Deep Survey (GOODS;
Giavalisco & GOODS Team 2003). We describe our se-
lection criteria, observations and data reduction in §2,
the results of our simple morphological analyses in §3,
and our kinematic results in §4. In §4.1 we highlight
the critical importance of the seeing to kinematic mea-
surements at high redshift, and we discuss our results in
§5. We use a cosmology with H0 = 70 km s
−1 Mpc−1,
Ωm = 0.3, and ΩΛ = 0.7 throughout. In such a cosmol-
ogy, 1′′ corresponds to 8.1 kpc at z = 2.38, the mean
redshift of the current sample.
2. OBSERVATIONS AND DATA REDUCTION
The 13 galaxies presented here lie in the Hubble Deep
Field North region imaged with the HST Advanced Cam-
era for Surveys (ACS) as part of the GOODS program.
We have spectroscopically identified approximately 180
galaxies at z ∼ 2 in this field, using UnGR color selec-
tion criteria and rest-frame UV spectra from the LRIS-
B spectrograh on the 10 m W.M. Keck I telescope on
Mauna Kea (Adelberger et al. 2004; Steidel et al. 2004).
We have observed a subset of 13 of these with the near-
infrared spectrograph NIRSPEC (McLean et al. 1998),
on the W.M. Keck II telescope. The galaxies were se-
lected primarily because they appeared elongated on our
initial inspection of the z-band GOODS-N data (detailed
morphological analysis was not done until the full V1.0
release of the GOODS data in late August 2003). We
also tried to select galaxies with redshifts that put Hα
in a favorable position with respect to the night sky lines,
and chose two (BX305, BX1368) for this reason, as well
as for their somewhat more compact appearance for the
sake of comparison. BX1085 and BX1086 were observed
because it was possible to place both of them on the slit
with the elongated galaxy BX1084, as discussed below.
The final column in Table 1 summarizes the selection
criterion for each galaxy.
We attempted to align the slit with the elongated axis
in all cases, with the exception of BX1084, BX1085 and
BX10862, which lie on a single line and were therefore
observed simultaneously with the PA set by their rel-
ative orientation. Coincidentally this PA differs from
the PA of BX1084 by only 19◦. Because morphologi-
cal analysis was done after the observations, the slit and
2 BX1086 is the only galaxy in the sample for which we did not
previously know the redshift. We believe that the detected line
is Hα because the interloper fraction from the BX color selection
criteria is ∼ 9%, and the typical interlopers (star-forming galaxies
at 〈z〉 = 0.17) do not have a single strong emission line in the K-
band. The Hα redshift is also nearly identical to the redshift of
BX1084, which is separated from BX1086 by 2.′′9.
galaxy PAs were slightly misaligned, with an average
offset of 10◦. 11 out of 13 galaxies therefore had slits
aligned to within 25◦of the galaxy PA, and 9 out of 13
to within 13◦. Such slight misalignments will not pre-
vent the detection of significant rotation, should it exist
(Vogt et al. 1996; Simard & Pritchet 1998; Bo¨hm et al.
2003; Metevier et al. 2004). It is also possible for mis-
alignment of the slit and the galaxy to introduce the
appearance of velocity shear where none may actually
exist; in § 4.1 below we explain why this effect has not
biased the current observations. The galaxy PAs and slit
positions are given in Table 2.
Most of the observations were conducted on the nights
of 7-9 May 2003 (UT), with two additional objects
(BX1055 and BX1397) observed on 7-8 July 2003 (UT).
We used the 0.′′76 × 42′′ slit for all observations. The see-
ing was relatively poor during the May run, with FWHM
0.′′7–0.′′9 in the K-band; in July the seeing was better,
with FWHM ∼ 0.′′5. Conditions were not photometric
on either run, and in particular much of the May data
suffers from significant losses due to cirrus clouds. For a
detailed description of the observing and data reduction
procedures, see Erb et al. (2003).
3. MORPHOLOGIES
HST ACS images of the 13 galaxies in our sample are
shown in Figure 1. For the purpose of morphological
analysis we combined the four ACS bands into a single
image, weighting in order to maximize the S/N. The im-
ages shown therefore cover the approximate range 1300–
2500 A˚ in the rest frame. The slits used are marked with
heavy blue lines and the object PA with fine red lines. As
noted in §2, the average misalignment of slit and galaxy
is 10◦; the slit and galaxy PAs are aligned to within 25◦
for 11 of 13 objects, and to within 13◦ for 9 of 13. Most
of the galaxies appear irregular on simple inspection, and
we have not attempted any kind of morphological classi-
fication. We have however performed some simple mor-
phological analysis, with two goals in mind: to determine
whether there is any correlation between a galaxy’s kine-
matic properties and its aspect ratio, and to determine
a size to be used in mass estimates.
Morphological analysis of faint galaxies is difficult, as
it requires the separation of low surface brightness galaxy
pixels from the sky background. We have estimated
galaxy shapes and sizes using the pixels that make up half
of the sky-subtracted light within a 1.′′5 (30 pixel) radius
around the object centroid. The centroid is determined
using an iterative process that calculates the centroid
of an object, subtracts the sky value determined from a
surrounding annulus, and recomputes the centroid until
convergence is reached. We then use the pixels within 1.′′5
of the final centroid for the remaining analysis. We calcu-
late two measures of galaxy size as follows. The effective
half-light radius r1/2 = (A/pi)
1/2, where A is the area of
pixels encompassing 50% of the galaxy’s light, is sensi-
tive to how large the bright regions of an object are, but
not to their distribution; i.e. it depends on the number
of pixels required to make up half of the galaxy’s light,
but not on how those pixels are distributed within the 30
pixel radius. We find a mean and standard deviation of
〈r1/2〉 = 0.
′′24± 0.′′06, corresponding to 〈r1/2〉 = 1.9± 0.5
kpc. We also calculate dmaj, the RMS dispersion of the
light about the centroid along the major axis (we avoid
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Table 1. Galaxies Observed
Galaxy R.A. (J2000) Dec. (J2000) Exposure time (s) zabs
a zLyα
b zHα
c R G−R FHα
d Selectione
BX305 12:36:37.131 62:16:28.358 900× 4 2.4825 – 2.4839 24.28 0.79 4.2 R
BX1055 12:35:59.594 62:13:07.504 900× 2 2.4865 2.4959 2.4901 24.09 0.24 2.7 E
BX1084 12:36:13.568 62:12:21.485 900× 5 2.4392 – 2.4403 23.24 0.26 7.3 E
BX1085 12:36:13.331 62:12:16.310 900× 5 2.2381 – 2.2407 24.50 0.33 1.1 T
BX1086 12:36:13.415 62:12:18.841 900× 5 – – 2.4435 24.64 0.41 1.8 T
BX1277 12:37:18.595 62:09:55.536 900× 3 2.2686 – 2.2713 23.87 0.14 5.3 E
BX1311 12:36:30.540 62:16:26.116 900× 4 2.4804 2.4890 2.4843 23.29 0.21 8.0 E
BX1322 12:37:06.538 62:12:24.938 900× 6 2.4401 2.4491 2.4443 23.72 0.31 2.0 E
BX1332 12:37:17.134 62:11:39.946 900× 3 2.2113 – 2.2136 23.64 0.32 4.4 E
BX1368 12:36:48.241 62:15:56.237 900× 4 2.4380 2.4455 2.4407 23.79 0.30 8.8 R
BX1376 12:36:52.960 62:15:45.545 900× 4 2.4266 2.4338 2.4294 24.48 0.01 2.2 E
BX1397 12:37:04.115 62:15:09.837 900× 3 2.1322 – 2.1332 24.12 0.14 5.2 E
BX1479 12:37:15.417 62:16:03.876 900× 5 2.3726 2.3823 2.3745 24.39 0.16 2.5 E
aVacuum heliocentric redshift from rest-frame UV interstellar absorption lines.
bVacuum heliocentric redshift of Lyα emission line, when present.
cVacuum heliocentric redshift of Hα emission line.
dFlux of Hα emission line, in units of 10−17 ergs s−1 cm−2. This should be considered a lower limit because conditions were non-
photometric.
eReason for selection. E=elongated, T=“triplet,” additional galaxies on slit with BX1084, R=favorable redshift. See §2 for details.
using the symbol σ to eliminate confusion with veloc-
ity dispersions calculated below), and the aspect ratio
a = dmin/dmaj, the ratio of the dispersions along the mi-
nor and major axes. We find 〈dmaj〉 = 0.
′′20 ± 0.′′09, or
〈dmaj〉 = 1.7±0.7 kpc, and 〈a〉 = 0.41±0.12. We use dmaj
for mass estimates. Individual values of these parame-
ters are shown in Table 2, and in the following section
we relate them to the galaxies’ kinematic properties.
4. KINEMATIC RESULTS
Close examination of the 13 galaxies’ two-dimensional
spectra reveals only two showing spatially resolved veloc-
ity shear. We show velocity curves for the two emission
lines in Figure 2, constructed by fitting a Gaussian pro-
file in wavelength at each spatial position along the emis-
sion line, summing three pixels to increase the S/N. We
refer to these figures as velocity curves rather than rota-
tion curves because it is not clear that the tilted lines are
caused by rotation; see §5 for discussion of this issue. The
first of the tilted emission lines, that of BX1332, extends
almost 1.′′75 in the spatial direction; this is significantly
larger than the ∼ 0.′′8 seeing disk, and therefore the mod-
est tilt of ∼ 90 km s−1 peak-to-peak is readily apparent.
Assuming for the moment that this tilt is due to rota-
tion, we calculate a lower limit on the circular velocity vc
of half of the total velocity spread, vc ∼ 45 km s
−1 . We
emphasize here that we use vc ≡ (vmax − vmin)/2 as an
observed quantity defined as half of the velocity spread of
the emission line; this is not the terminal circular veloc-
ity, and is almost certainly less than that velocity. The
second galaxy, BX1397, which was observed in July 2003
when the seeing was 0.′′5, has a smaller spatial extent of
∼ 1.2′′ but a larger velocity range, with vc ∼ 110 km s
−1 .
The large spatial extent of BX1332 may be suggested by
the fact that it is the most elongated of the 13 galaxies,
with a = 0.21; but BX1397 has a = 0.47, slightly higher
than the mean 〈a〉 = 0.41. Clearly the aspect ratio does
not predict rotation. Such a low incidence of rotation
in galaxies with slits placed along their elongated axes
is perhaps surprising, especially since our earlier near-
IR spectroscopy found tilted lines in about 40% of the
galaxies observed, with random (with one exception) slit
orientations (Erb et al. 2003). In §4.1 below we discuss
limitations on observed rotational velocities imposed by
the seeing, and in §5 we consider the implications of our
low incidence of observed rotation.
It is also interesting to compare the relative extent
of the Hα and rest-frame UV emission. BX1332 and
BX1397 have values of dmaj of 0.
′′37 and 0.′′20 respectively,
but the total spatial extent of all the pixels considered
to be part of the galaxy for morphological analysis is
∼ 1.′′5 for BX1332 and ∼ 0.′′9 for BX1397. Deconvolving
the seeing from the Hα sizes above, we find ∼ 1.′′6 for
BX1332 and ∼ 1.′′1 for BX1397, values which agree well
with the total UV sizes. We can make this comparison
for the rest of the objects by measuring the spatial width
of the Hα emission line and again deconvolving the see-
ing. The results of this calculation are shown by the
thin lines perpendicular to the slits in Figure 1, which
show the approximate extent of the Hα emission. No
lines are shown for BX305 and BX1086 because they ap-
peared to be point sources after deconvolution. In gen-
eral the UV and Hα emission agree well, although there
are cases with greater extents of both UV (BX1376) and
Hα (BX1368). The spatial extent of the Hα emission
line of each galaxy is given in Table 2.
We have calculated one-dimensional velocity disper-
sions for the galaxies in the sample by fitting a Gaus-
sian profile to each Hα emission line using the splot task
in IRAF, which also provides errors. We deconvolved
the instrumental profile by subtracting the instrumental
FWHM of 15 A˚ (measured from the widths of sky lines)
in quadrature from the Gaussian FWHM; the instrumen-
tal profile is comparable to the widths of the lines, so
this deconvolution is important. It is possible to ob-
tain higher resolution if the object and the seeing are
smaller than the slit, but because the seeing was compa-
rable to the slit width for most of our observations we
have used the instrumental resolution as measured from
the sky lines. After converting the FWHM to a velocity,
we computed the velocity dispersion σ = FWHM/2.355.
The results are shown in column 8 of Table 2, with er-
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Fig. 1.— HST ACS images of the 13 galaxies in our sample, from the GOODS program. The BV iz bands have been combined to
maximize S/N, and the images shown cover the approximate range 1300–2500 A˚ in the rest frame. The 0.′′76-wide slit (6.2 kpc at z = 2.3)
is marked in blue, and the red line shows the galaxy PA. The thin lines perpendicular to the slit show the approximate extent of the Hα
emission after deconvolution of the seeing. No lines are shown for BX305 and BX1086 because they appeared to be point sources after
deconvolution. All images are oriented with N up and E to the left, and the pixel scale is 0.′′05/pixel.
rors of one standard deviation from propagating the er-
ror in the Gaussian line fit. Two of the lines (BX1055
and BX1322) had observed widths less than 10% greater
than the instrumental profile, making the deconvolution
highly uncertain; for these lines we place an upper limit
on σ of twice the one standard deviation error. The
measured width of BX1085 was slightly less than the
instrumental FWHM, preventing a calculation of σ en-
tirely. Neglecting the objects with upper limits, we find
a mean velocity dispersion of 〈σ〉 = 92 km s−1 , with
a standard deviation of 34 km s−1 ; this is somewhat
smaller than the mean of the total sample of 61 galax-
ies at z ∼ 2 for which we currently have Hα measure-
ments3, 〈σ〉 ∼ 114 ± 51 km s−1 . We have combined
these measurements of σ with our estimates of galaxy
sizes dmaj to determine masses. We calculate the virial
3 These data will be discussed in full elsewhere.
mass Mvir = 5σ
2(dmaj/G), and find a mean and stan-
dard deviation of 〈Mvir〉 = (1.6 ± 1.1) × 10
10M⊙. The
results of the mass calculations are shown in Table 2.
4.1. Seeing
Tilted Emission Lines
There is a long list of factors which affect the ob-
served rotation curves of disk galaxies; these include
the alignment of the slit with the major axis of the
galaxy, the width of the slit compared to the size of
the galaxy, the inclination of the disk, the spatial and
velocity distribution of emission from the galaxy, and
the blurring effect of the seeing (see, e.g., Vogt et al.
1996, 1997; Simard & Pritchet 1999; Bo¨hm et al. 2003;
Metevier et al. 2004 for discussion of these effects). We
concentrate here on the seeing, which can have a tremen-
dous effect on the velocities observed in galaxies at high
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Fig. 2.— Velocity curves for BX1332 and BX1397, the only
two galaxies in the sample which show tilted emission lines. The
horizontal black lines represent the size of the seeing disk. The
points are strongly correlated due to the seeing, but the spatial
extent of each galaxy is larger than the seeing disk and the two
endpoints used to determine vc are not correlated.
Fig. 3.— Velocity curves for Q1700-BX691, observed in May 2002
when the seeing was ∼ 0.′′5 (left) and in May 2003 when the seeing
was ∼ 0.′′9 (right). The horizontal black lines represent the size of
the seeing disk. The measured velocity amplitude decreases by a
factor of ∼ 2 when the galaxy is observed under poor conditions.
redshift. We can see this in two different observations
of the galaxy Q1700-BX691 (z = 2.1895), which we first
observed with NIRSPEC in May 2002 (Erb et al. 2003);
during these observations the seeing was ∼ 0.′′5. Using
the identical instrumental configuration and position an-
gle on the sky, we observed the galaxy again in May
2003, when the seeing was ∼ 0.′′9. In Figure 3 we com-
pare velocity curves derived from the two observations:
at left is the previously published velocity curve, which
has vc ∼ 220 km s
−1 , and on the right is a velocity curve
from the May 2003 observations, constructed in identical
fashion and plotted on the same scale for comparison. It
covers approximately the same spatial range as the previ-
ous observation, but shows about half the range in veloc-
ity, with vc ∼ 120 km s
−1 . It also shows some distortion
in the shape of the velocity gradient. These changes are
not unexpected: as the seeing worsens, a wider range
of velocities from different parts of the galaxy is blurred
together, and the emission from the core of the galaxy,
which presumably has both the highest surface bright-
ness and the lowest velocity, biases the velocity measure-
ments out to larger and larger radii. Further, flux is lost
as the seeing disk approaches and exceeds the size of the
slit, the S/N declines as emission is spread over a larger
area, and poorer seeing makes it more difficult to center
the galaxy (or to be precise, the bright object we offset
from) on the slit.
Q1700-BX691 (when observed under good conditions)
shows the largest velocity shear we have detected so far;
in order to assess the effects of the seeing on galaxies
with a variety of velocity spreads, we have smoothed
their spectra in order to simulate poorer seeing. This
procedure was applied to all of the galaxies showing
tilted lines in the May 2002 sample (with the excep-
tion of SSA22a-MD41, which was observed at higher
spectral resolution with the ISAAC spectrograph on the
VLT). We smoothed by first replacing the emission line
in the two-dimensional spectra with the sky background
(copied from a spatially adjacent portion of the slit, at
the same wavelength) to make a sky frame, and then sub-
tracting this sky frame from the original image to create
an image of the emission line with the background re-
moved. This profile was then smoothed with a Gaussian
filter in the spatial direction; to simulate seeing of 0.′′8
with a spectrum in which the original seeing was 0.′′5,
we used a filter with 0.′′6 FWHM (0.52 + 0.62 = 0.82).
In order to account for slit losses due to the increase in
seeing FWHM, we scaled the smoothed line by a factor
of ∼ 0.6, chosen empirically by measuring the decrease
in line flux in the two observations of Q1700-BX691 de-
scribed above. The smoothed and scaled line was then
added to the background frame to produce a final image.
We then measured a velocity curve as usual on the result-
ing two-dimensional spectra. We find that the velocity
spread is consistently reduced, but the detailed results
are somewhat unpredictable. The effect of the smooth-
ing depends not only on the initial tilt of the line, but
also on the total flux and surface brightness. Lines with
initial vc . 100 km s
−1 (Q1700-MD103, Q1623-BX511)
no longer showed a tilt after smoothing, or had S/N too
low to construct a velocity curve; those with larger vc
(West-BX600, Q1623-BX447) showed a decrease in the
velocity spread of approximately a factor of two, as we
saw in the case of Q1700-BX691. The smoothed spec-
trum of Q1700-BX691 itself has vc ∼ 125 km s
−1 , a good
approximation to the May 2003 data which has vc ∼ 120
km s−1 .
We use these results to place upper limits on the in-
ternal velocity spread of the ionized gas in the galaxies
in the current sample: the 11 galaxies with no detected
shear, and BX1332 with vc ∼ 45 km s
−1 , are likely to
have v0.5 < 100 km s
−1 , where we use the term v0.5 to
indicate the velocity (vmax−vmin)/2 that would be mea-
sured under seeing conditions of∼ 0.′′5. It is important to
note here that the one remaining galaxy, BX1397, which
shows the largest vc ∼ 110 km s
−1 , was observed in July
2003 when the seeing was 0.′′5 (as measured from a stan-
dard star observed immediately before the spectra were
taken). Therefore all 13 of the galaxies have v0.5 ≤ 110
km s−1 . In principle, of course, we would like to know
the intrinsic velocity v0.0 rather than v0.5; this has been
estimated with detailed modeling of rotation curves at
lower redshift (Vogt et al. 1996, 1997). However, such a
calculation requires a specific galaxy model such as an
exponential disk, and knowledge of the galaxies’ inclina-
tions. Given the irregular morphologies of the galaxies in
our sample, such assumptions are not justified. Even if
we were to model an intrinsic velocity distribution, it is
likely that the results would be highly degenerate; very
different configurations of emitting material could pro-
duce the same tilted line when significantly degraded by
the seeing. We therefore attempt to estimate only v0.5.
The seeing clearly reduces our ability to resolve the ve-
locity structure of a galaxy. However, it also mitigates
the effects of slit misalignment, which under conditions
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of high spatial resolution can introduce spurious tilt in
an emission line due to the correspondence between posi-
tion of the emission within the slit and wavelength in the
spectrum. For example, if the slit width is 200 km s−1
and a galaxy is tilted within the slit such that one end
of it falls on one side of the slit and the other end on
the other side of the slit, it will appear to have velocity
shear of ±100 km s−1 even if its actual velocity shear is
zero. This problem will arise only when the FWHM of
the galaxy light perpendicular to the slit is significantly
smaller than the width of the slit, a situation that is un-
likely to occur even under our best seeing conditions of
∼ 0.′′5. Given the slight slit misalignments of the cur-
rent observations, however, it is worthwhile to test the
importance of this effect. We have done so by convolving
the ACS image of each galaxy with a Gaussian filter to
approximate the seeing of the NIRSPEC observation (un-
der the assumption that the Hα emission traces the UV
continuum), and measuring the centroid of the galaxy
within the slit at each spatial position. We find that the
galaxy light fills the slit in all cases, the maximum veloc-
ity introduced from the shift of the galaxy centroid across
the slit is ±15 km s−1 , and the mean induced velocity is
±9 km s−1 ; depending on the orientation of the galaxy,
the velocity shear we observe could be either increased
or decreased by these amounts. These numbers are less
than our typical errors in velocity. We have also tested
the effect of error in the position of the slit by measur-
ing the smoothed galaxies’ centroids within a simulated
slit shifted by 0.′′2 (our typical uncertainty in positioning
the galaxy on the slit) in either direction perpendicu-
lar to the slit PA. Again we find that the effect is less
than or comparable to our velocity errors, with a maxi-
mum introduced velocity of ±21 km s−1 and a mean of
±9 km s−1 . We therefore believe that only a small frac-
tion of the velocity shear we observe in the tilted lines
could be induced by misalignment of the slit.
A related concern involves the one-dimensional veloc-
ity dispersions. As noted above and discussed further
in §5, the elongated galaxies for which we have placed
slits on the extended axes have a lower average veloc-
ity dispersion than the sample as a whole. It is possible
that by choosing random slit orientations we are arti-
ficially elevating the velocity dispersion by illuminating
the slit unevenly as described above. We have tested this
by smoothing the ACS images of known z ∼ 2 galaxies
to approximate 0.′′5 seeing, placing simulated slits along
them at random orientations, and measuring the shifts
in the galaxies’ centroids in the wavelength direction at
each spatial position along the slit. For comparison with
the velocity dispersion σ = FWHM/2.355, we define
σinduced = ∆v/2.355, where ∆v is the full velocity shift
of the centroid. We find that the mean induced veloc-
ity dispersion 〈σinduced〉 = 8 km s
−1 , with a maximum
of 21 km s−1 ; these are nearly the same as the mean
and maximum induced velocities found above, suggest-
ing that even with large errors in position angle this effect
does not introduce substantial velocity errors. The effect
of σinduced on the observed value of σ will depend on the
source of the velocity dispersion: if the line widths are
due to random motions, then the induced velocity disper-
sion will add to the true velocity dispersion in quadrature
to produce the observed profile, and ∆σ = σobs − σtrue
is only a few km s−1 . On the other hand, if the ve-
locity dispersions are due to unresolved velocity shear,
σinduced could either increase or reduce the observed σ
by up to ∼ 20 km s−1 , an amount that is comparable to
our typical error in σ. The effect on the average value of
σ should be quite small, however, since these slit effects
should increase or reduce σ with equal probability. The
true situation is likely some combination of these two
scenarios. In either case, however, the use of random po-
sition angles is unlikely to be a significant contaminant
to our measurements of σ.
Velocity Dispersions
Although the seeing has a strong effect on the mea-
surement of spatially resolved velocity shear, it has a rel-
atively small effect on the one-dimensional velocity dis-
persion. This is because spatial resolution is not required
to measure the velocity dispersion. We can see this by
considering the limit in which the seeing disk exceeds the
size of the galaxy. In this case we will be unable to dis-
tinguish emission from opposite sides of the galaxy (the
line will no longer be tilted), but emission from both
sides still contributes to the line width. We will then
still measure the full velocity dispersion. The situation
is slightly more complicated in practice, because of slit
losses and decreased S/N: as the seeing worsens emission
from the edges of the galaxy may fall outside the slit,
decreasing the velocity dispersion somewhat, and S/N
degraded by the seeing may limit the detection of faint
wings in the line profile, especially if the galaxy’s light is
very centrally concentrated.
We have quantified these effects with the observations
and simulations described above. For Q1700-BX691 we
measure σ = 170 ± 18 km s−1 with 0.′′5 seeing, and
σ = 156 ± 29 km s−1 with 0.′′9 seeing; the two values
of σ agree within the errors. We find that this is gener-
ally the case with artificially smoothed data as well. The
line widths are usually well-preserved after the smooth-
ing, with & 80% of the width retained; the weakest line
(Q1623-BX511) shows a significant decrease, but also a
substantial increase in the errors due to reduced S/N,
such that the two values are still within 1σ of each other.
The S/N of this degraded spectrum is lower than that
of any object in the current sample. We therefore be-
lieve that our one-dimensional measurements are rela-
tively uncompromised by the mediocre seeing conditions.
The fact that the velocity spread of a tilted line is highly
dependent on the seeing, while σ is not, makes it very
difficult to estimate the former from measurements of
the latter, as proposed by Weatherley & Warren (2003).
Thus, their conclusion that Lyman break galaxies are
preferentially low-mass star-bursting systems is prema-
ture.
4.2. Large-scale motions
Galactic-scale outflows, identified via the offsets be-
tween the redshifts of the UV interstellar absorption
lines or Lyα and the nebular emission lines, are a
common feature of galaxies at z ∼ 3 (Pettini et al.
2001; Shapley et al. 2003). These outflows typically have
speeds of ∼ 300 km s−1 with respect to the systemic
redshift of the galaxy, and are presumably powered by
supernovae. A comparison of the redshifts given in Ta-
ble 1 from the interstellar absorption lines, Lyα, and Hα
shows that a similar pattern exists at z ∼ 2. In Figure 4
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we plot histograms of the velocity offsets of the inter-
stellar absorption lines and Lyα with respect to Hα;
we see that the mean offset of the absorption lines is
〈∆vabs〉 = −223 ± 89 km s
−1 , and the mean offset of
Lyα is 〈∆vLyα〉 = 470 ± 116 km s
−1 . These velocities
are consistent with those of all of the z ∼ 2 galaxies for
which we have performed this test (Steidel et al. 2004).
Note that these velocities are measured from the cen-
troids of the lines; we can estimate the terminal velocity
of the outflows by adding half of the interstellar absorp-
tion line widths of ∼ 650 km s−1 (Steidel et al. 2004) to
the numbers given above.
Could these outflows be the cause of any of the tilted
emission lines we have observed, or otherwise influence
our kinematic measurements? The outflow velocities
(〈∆vLyα−abs〉 ∼ 700 km s
−1 ) are several times larger
than either the velocity spread of the tilted lines or
the velocity dispersions, and the results of Shapley et al.
(2003) show that nebular emission from HII regions in-
dicates a galaxy’s systemic redshift rather than the red-
shift of outflowing material: these authors see both stel-
lar photospheric lines and nebular lines from HII re-
gions in the composite spectrum of the z ∼ 3 Lyman
break galaxies, and find that their redshifts agree to
within 50 km s−1 . Heckman, Armus, & Miley (1990)
have shown that the emission line luminosity of the out-
flow in M82 is ∼ 10% of the luminosity of the total
galaxy. Calzetti et al. (2004) obtain a similar result in a
study of the fraction of the ISM ionized by non-radiative
processes in four local starburst galaxies, finding that 3–
4% of the Hα luminosity arises from such shock-heated
gas. If these relations hold in more distant galaxies, we
would be unlikely to detect Hα from the outflows, es-
pecially given the strong redshift dependence of surface
brightness. For these reasons we believe that the ob-
served outflows are unlikely to influence our measure-
ments of Hα.
Fig. 4.— Velocity differences between the UV interstellar ab-
sorption lines and Hα (blue histogram at left) and between Lyα
and Hα (red histogram at right). The offsets are consistent
with galactic-scale superwinds with velocities of several hundred
km s−1 .
5. DISCUSSION
We have observed a lack of evidence for rotation in
the form of tilted emission lines in elongated galaxies at
z ∼ 2, in spite of the fact that our spectroscopic slit was
nearly aligned with the galaxies’ major axes in 11 out
of 13 cases. The seeing was mediocre during many of
our observations, and we show with observations of the
same object taken under different conditions and with
artificially smoothed data that this can affect the ob-
served velocity shear at a given radius by as much as
a factor of two. Accounting for the effects of the see-
ing, we believe that all 13 of the galaxies in the present
sample have v0.5 ≤ 110 km s
−1 ; 11 of them show no
evidence of rotation at all. By v0.5 we mean half of the
peak-to-peak velocity amplitude measured in an expo-
sure of ∼1 hour under good seeing conditions (∼ 0.′′5);
unlike the terminal velocities of rotation curves of local
galaxies, this is not a fundamental quantity, and it likely
underestimates the true velocity. This observed lack of
rotation is perhaps surprising; rotational velocities of a
few hundred km s−1 are predicted for models of star-
forming galaxies at z ∼ 2–3 (Mo, Mao, & White 1998,
1999), and we know that galaxies with vc ∼ 200 km s
−1
are present among the still relatively small sample with
rest-frame optical emission line spectra at these redshifts
(Lemoine-Busserolle et al. 2003; Erb et al. 2003).
How, then, are we to interpret the lack of observed ro-
tation in galaxies with slits aligned with their apparent
major axes? The kinematic measurements indicate that
most of the galaxies are not disks with irregular mor-
phologies due to knotty star formation. In fact we find
that the alignment of the slit with a galaxy’s major axis
has little effect on whether or not a tilted emission line
is observed. Of our total sample of 29 galaxies (the 13
presented here and the 16 in Erb et al. 2003), 12 had
slits aligned with their major axes and 17 did not. We
see tilted emission lines in 25% of the aligned galaxies
and 29% of the unaligned galaxies; it seems that we are
slightly more likely to observe a tilted line by choosing a
random position angle, although this is hardly a robust
result given the small numbers involved and the effect of
the seeing on the detectability of velocity shear.
Given these results, we should consider the possibility
that the tilted emission lines, when observed, may not
always be due to rotation. Two or more merging clumps
of material with relative velocities of ∼ 100 km s−1 ,
blurred by the seeing, could produce an extended, tilted
emission line. Such a scenario fits naturally within the
context of hierarchical structure formation, and has been
used to explain the profiles of damped Lyα absorption
systems at high redshift (Haehnelt, Steinmetz, & Rauch
1998). In this model the measured velocity would depend
on the orientation of the merging clumps, and projection
effects would be difficult to quantify. This is not meant
to be an exclusive explanation for the origin of the tilted
lines; rotation could certainly still be a factor as well, es-
pecially in the case of objects such as Q1700-BX691 that
show a regular pattern of high velocity shear over a large
spatial area.
The uncertain causes and unreliable velocities of the
tilted lines make inferences from this type of kinematic
measurement difficult, and it therefore makes sense to
focus our attention on what can be learned from the
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Table 2. Morphologies and Kinematics
Galaxy zHα
a PAb Slit PAc r1/2
d r1/2
d dmaj
e dmaj
e af dHα
g dHα
g σh vci Mvir j
(arcsec) (kpc) (arcsec) (kpc) (arcsec) (kpc) (km s−1 ) (km s−1 ) (1010 M⊙)
BX305 2.4839 109.2 133.4 0.28 2.3 0.25 2.0 0.32 – – 140 ± 31 – 4.1
BX1055 2.4901 107.0 120.0 0.14 1.2 0.09 0.7 0.52 0.48 3.8 < 124 – 1.2
BX1084 2.4403 −0.6 18.7 0.24 1.9 0.16 1.3 0.58 0.59 4.8 102 ± 9 – 1.5
BX1085 2.2407 93.3 18.7 0.29 2.4 0.25 2.0 0.39 0.27 2.2 – – –
BX1086 2.4435 −19.1 18.7 0.13 1.1 0.08 0.6 0.57 – – 67± 42 – 0.25
BX1277 2.2713 49.8 58.1 0.26 2.1 0.22 1.8 0.32 0.62 5.1 63± 11 – 0.83
BX1311 2.4843 47.2 55.3 0.26 2.1 0.33 2.7 0.36 1.14 9.2 88± 13 – 2.3
BX1322 2.4443 47.7 57.1 0.24 1.9 0.19 1.5 0.38 0.57 4.6 < 92 – 1.5
BX1332 2.2136 −29.9 −22.0 0.32 2.6 0.37 3.1 0.21 1.47 12.1 54± 20 45 1.0
BX1368 2.4407 78.8 90.3 0.15 1.2 0.09 0.7 0.54 0.90 7.3 138 ± 12 – 1.5
BX1376 2.4294 59.7 59.6 0.24 2.0 0.20 1.6 0.37 0.22 1.8 96± 31 – 1.8
BX1397 2.1332 −37.4 −31.0 0.30 2.5 0.20 1.6 0.47 1.02 8.4 123 ± 22 110 2.8
BX1479 2.3745 −0.5 9.7 0.22 1.8 0.23 1.9 0.24 0.51 4.2 46± 28 – 0.45
aVacuum heliocentric redshift of Hα emission line.
bPosition angle of galaxy in degrees.
cPosition angle of slit in degrees.
dEffective half-light radius; see §3.
eRMS dispersion of light about centroid along major axis; see §3.
fAspect ratio of RMS dispersions along minor and major axes; see §3.
gApproximate spatial extent of Hα emission line.
hOne-dimensional velocity dispersion from Hα emission line.
i(vmax − vmin)/2 for those galaxies which show tilted emission lines.
jVirial masses calculated from σ and dmaj; see §§3 and 4.
one-dimensional measurements, which are relatively un-
affected by the seeing. In our simulations at least 80%
of the velocity width was retained after smoothing in
all except one case; after the smoothing, the exception
had S/N lower than than of any object in the current
sample. We have therefore compared the velocity dis-
persions of the sample with their morphologies; we see
some evidence that the more elongated galaxies may have
smaller velocity dispersions than the sample as a whole.
Considering only those galaxies which we selected be-
cause they appeared elongated (i.e. neglecting BX305,
BX1085, BX1086 and BX1368), we find a mean velocity
dispersion of 80 km s−1 , with an error in the mean of 9
km s−1 . We compare this with the mean velocity disper-
sion of the remaining 54 galaxies at z ∼ 2 for which we
have Hα measurements (these data will be discussed in
full elsewhere), 〈σ〉 = 118 ± 7 km s−1 ; the difference in
the means is more than 3σ. Using a K-S test, we find that
the probability that the two samples are drawn from the
same population is 0.04. To investigate this further we
plot in Figure 5 the aspect ratio a = dmin/dmaj against
the velocity dispersion σ. There is mild evidence for a
correlation, in the sense that the more symmetric galax-
ies also have larger velocity dispersions; with a Spearman
rank-order correlation test we find that the probability
of observing these data if there is no correlation is 0.13.
These nine galaxies have 〈a〉 = 0.38, with an error in
the mean of 0.04. We compare this with the 90 other
galaxies we have identified at 2.0 < z < 2.7 in the
GOODS-N field. These have 〈a〉 = 0.51, with an er-
ror in the mean of 0.02; the difference in the means is
3σ, showing that this subsample is significantly more
elongated than one made up of galaxies chosen at ran-
dom. We have also calculated the mean E(B − V ) (as
determined from the G −R colors, assuming a star for-
mation age of > 107 yrs and a Salpeter IMF) of the
Fig. 5.— The velocity dispersion σ plotted against the aspect
ratio dmin/dmaj . The two open red symbols are those galaxies
with tilted emission lines. We see mild evidence that the more
symmetric galaxies have larger velocity dispersions.
elongated sample, 〈E(B − V )〉 = 0.105 ± 0.017 (we
again quote the mean and the error in the mean). As
above we compare this with the remaining galaxies with
2.0 < z < 2.7 in the GOODS-N field, which have
〈E(B − V )〉 = 0.149 ± 0.009, and find that the elon-
gated galaxies have a lower 〈E(B − V )〉 by 2σ. These
nine galaxies are also somewhat brighter than the sam-
ple as a whole, with 〈R〉 = 23.87± 0.15 as compared to
〈R〉 = 24.32 ± 0.064; we see no correlation between R
4 Because our only photometry is in the rest-frame UV, we defer
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magnitude and E(B − V ), however. Both the decreased
reddening and the lower velocity dispersions are the op-
posite of what one would expect if these galaxies were
highly inclined disks: increasing the inclination of a disk
also makes it appear redder, and the alignment of the
slit and the major axis should maximize the observed
velocity.
We have seen that elongated galaxies sometimes, but
not always, show evidence for velocity shear along
their major axes, and that clumpy galaxies that appear
merger-like sometimes, but not always, show evidence
of shear as well. We also see shear in galaxies of un-
known morphology with the slit misaligned by an un-
known amount. The situation is clearly complicated,
and it is unlikely that a single model will explain all of
these results; some combination of rotation and merging
seems to be the most likely answer. It will be challenging
to distinguish between these possibilities with the type of
measurements presented here, however. Even under ideal
conditions, the blurring of the seeing makes it difficult to
discriminate between rotation and merging. Evidence for
rotation could be found in deeper observations if the ve-
locity curves are seen to flatten like the rotation curves of
local galaxies, and more detailed morphological analysis
may help pick out galaxies that are likely to be merg-
ers. The best way to distinguish between the proposed
scenarios, however, would be to obtain spectroscopic ob-
servations of an entire galaxy at high spatial resolution,
and we look forward to observations of objects such as
these with the new generation of near-IR integral field
spectrographs with adaptive optics.
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the calculation of absolute magnitudes until we have obtained rest-
frame optical photometry.
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